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Abstract 



When a ngid armor piercing (AP) projectile impacts an. inclined plate it can be deflected bv the 
asymmetnc forces which the target exerts on the projectile. This is a well-known phenomenon which has 
been investigated by several workers impacting various metallic targets with AP projectiles. These works 
have shown that if the incidence angle is small enough the projectile can ricochet from any metallic target 
provtded the target is thick enough. In the present study we investigated the deflection, and ricochet of 0 3" 

^J^^SSSf inClin ^ P ° Iymeric £ rget f' which ' to our best knowledge, were not investigated 
before. We concentrate our attention, on Plexiglas targets, which turned out to exert the strongest 
asymmetric forces on the AP projectile. We present a thorough 3D numerical study following the important 
properties of the target, which control the ricochet and deflection processes It turns out th-ft SS 
properties are the high compressive strength and the low tensile strength of the target. In other words the 
high bnttleness of Plexiglas ,s responsible for the large deflection which was observed in our experiment 
Other polymers, less brittle, resulted in a much lower effect or no effect at all 
© 2004 Elsevier Ltd. AJ1 rights reserved. 

Keywords; Ricochet; Arnjor piercing projectiles; Plexiglas; Brittle failure 



1. Introduction 



The interaction of kinetic energy projectiles with an inclined p l a t e is characterized bv 
asymmetric forces, which are exerted by the plate, deflecting the projectile from its mitialJine of 
attack. This asymmetry takes place during the early stages *of pe^tten^Sffl A?SSeSe1 
nose « fully embedded in the target plate. Given the right combination of proie^ veSSy 
target strength and angle of attack, these asymmetric forces can. result inTri^LT of Si 
projectile, preventing perforation of the target. Goldsmith [1] reviewed much o £e LWtSe 
concerning inclined plate tmpact, including the analytical model of Tate [2] for rigid long Trod 

•Corresponding author. Tel.: +972-4-879-2926; fax: +972-4-879-2842 
E-mail address: ZVir@rafael.coJI (Z. Rosenberg). 

0734-743X/$-see front matter © 2004 Elsevier Ltd. All rights reserved 
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ncochet. In recent works on long rods [3,4] the bending of the nose was taken into account in 
order to simulate : a more realistic situation for these interactions. The most extensive wo^k :T t'bS 
subject , S by Recht and Ipson [5] who analyzed the various parameters involved fn Si™ tcra^on 
of armor piercin g (AP) projectiles with inclined metallic plates. They outlined "ooX^SoZ 
map which gives the outcome of this interaction in terms of deflection, ricochet an^ESn* of 
the projectile as a function of obliquity and impact velocity. Most of the work "toT^Zen 
done on tms subject is concerned with strong metallic plates, in order to achieve ricSSirt Tt 
maximum efficiency (minimum target weight and high obliquity) ncocnet at 

The work described here is concerned with 0.3" AP projectiles impacting inclined nolvmeric 

V" °i° Ur W ° rk -r aS t0 Wheth6r thCSe ^-^sity mateSVeoiS ILK 
enough forces on the projectile in order to deflect its course of penetration The materiS If 
mvesUgated included: Plexiglas, cpoxy, PVC and polycarbonate, S^^^S^St^ 
(Epon 81 5) resulted m the strongest asymmetric forces, as evidenced by flash X-rayffo^nS 
course of the projectile. The strong effect of Plexiglas was discovered^ by YeVburun et " uS and 
Yeshurun \J] about 5 years ago in an. extensive study which included the above mentioned 
materials In order to understand the important material parameters, whiS . dete^ne the 
asymmetric interacts, we performed a large series of three-dimensiona (3D) simJ latSS wi£ 
the lagrangian processor of the Autodyn 3D code, which will be described he^ We Thou d 
empWe that our aim was to understand the general features of the mXrSsm causing 
singly asymmetric interaction, rather than simulating the process in an accurate manner ft tl 

n h by nature '/ s . ver y c <"^x to simulate. Thus, we did not wish Wo into a 
detailed 3D numerical simulation work, involving complex material modeling Llhertte 
s,m.ulations we performed illustrate some overall effects instead of quantitatively deSing AP 
projectile impact on real Plexiglas plates. y ucscnoing 

2. Experiments 

0 3^A?nro7S£ * ^ ,aborator y at RAFAEL, using several types of 

thl ^^72^ ^x1 J 6 ' 6 P rOJect ' ,es wei ^ 3 - 5 - 5 " 5 S •** their muzzle velocities ?re in 
tne range of 720-850 m/s. The targets were positioned some 7 m from the rifle at virion* 
obhqumes ; ranging from 20" to 50° (relative to the projectile line of flight)^heir thSness ranged 
between 1.0 and 50 mm and their lateral dimensions were 250 x 80 mm 2 SevJralTsc MkV fi^% 
ray tubes were used to foHow the deflection of the projectile from the n^t^f « 
consecutive ume intervals of about 150a*. Typical results with a 20nim^Sas pSat an 
obhqmty of 30° are shown in Fig. 1. One can clearly see the projectile emerS fSnf iri" 
with a large deflection from its original orientation The m^t j nhwi «,- r ? . S 



REINHOLD COHN 



972 3 7109310 



11/28 '05 14:18 NO. 207 12/22 



Z. Rosenberg el al I International Journal of Impact Engineering 3/ (2005 ) 221-233 



223 




Fig. 1. Typical flash X-ray results of experiments with 20 mm Plexiglas plate at an obliquity of 30° 



achieve a ricochet from an aluminum plate a much more acute angle of obliquity is needed Thus 
we can clearly state that the Plexiglas plate is influencing the projectile via a new mechanism which 
we did not observe with metallic plate. The projectiles emerging from inclined Plexiglas targets are 
both extremely deflected and yawed. This mode of interaction was also observed with epoxy 
torgets whjle aU the other polymers we tested did not result in such an effect. The epoxy we used is 
Epon 815 which was cast to plates with dimensions similar to those of the Plexiglas targets 



3. Numerical simulations 



nerfor^S frJTT"^ s ! mulations - with the Jagrangian processor of the Autodyn 3D code, Wa5 
performed in order to gain some uuderstandmg for the physical processes which are responsible^ 
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for the strong effect observed with the Plexiglas targets. The steel projectiles were simulated with a 
simple von-Mises yield criterion (Y 0 = 1.5 GPa = const, with no strain hardening or strain rate 
effects) and the well known equation of state parameters for steel. The material parameters for the 
steel were p q = 7.83 g/cnr , o . 4.58 mm/us, G = 8 1.8 GPa and P min = -3 GPa. For the Plexiglas 
targets we used the common values for density, sound velocity and shear modulus (p 0 = l.lSg/ 
cm , c 0 = 2.57mm/|xs, G = 2.3 GPa). In different simulations we varied tbe mechanical properties 
of the Plexiglas plate in order to determine their influence on the ricochet phenomenon In all our 
simulations the thickness of the target plate was 20 mm and impact obliquity was 30°. Also, unless 
otherwise specified, the impact velocity was 720ro/s (the muzzle velocity of the AK47AP rifle we 
used in the experiments). The targets in our simulations had 30 elements on their thickness 
(20 mm). 

Our initial understanding was that there are three material properties which maximize the 
asymmetric interaction between Plexiglas and the projectile. These are- (1) high dynamic 
compressive strength, (2) high brittleness and (3) low density. In the following paragraphs 
we describe our simulation results, as obtained by changing the corresponding properties 
of the Plexiglas plate. These results demonstrate the importance of these three material properties 
for the ricochet phenomenon. We would like to stress again an important point concerning 
the overall aim of these simulations. Our main interest is in conducting a sensitivity study 
rather than finding a perfect match between simulation and experiment. Thus, we were looking 
for trends in the ricochet phenomenon and, particularly, the important materia] parameters 
which are responsible for this very strong effect. As we show later on, a close resemblance is 
obtained between simulation and experiment by using material properties which are common for 
Plexiglas. Thus, we did not find it necessary to use a comprehensive characterization of this 
material. 

3.J.. The effect of compressive and tensile slrengtlis 

Plexiglas is known to have a relatively high dynamic compressive strength. Plate impact 
expenments by Barker and HoUenbach [8] have shown that its Hugoniot elastic limit is 
n£ U Ao u\ T h,s , mea 1 ns that the dynamic compressive strength of this material is near 
0.35 GPa which is also the value tabulated in codes like the Autodyn. This relatively high 
value of compressive strength is the result of the high strain rates which the Plexielks 
experiences under dynamic loading conditions. The material is also known to be extremely 
brittle with a spall strength of 0. 1-0. 1 5 GPa (see [9,10] for example). Thus, one should assign a 
very low dynamic tensile strength for this material in the simulation. The appropriate material 
m^erial re P rcsenw dynamic tensile failure in the code is P milx , the spall strength of the 

The way these two parameters affect the ricochet process can be explained as follows- The 
high compressive strength is needed in order to exert a large asymmetric force on the nose 
of the projectile by the target during the first stages of penetration. This force will deflect its 
line of flight mside the target The high brittleness is needed to ensure that the asymmetric 
forces will continue to act during later times. This is achieved by the fact that target material 

SSe T ^ ^ I? 5 ™',?™ t0 re,6aSe WaveS impact See A t \r sa me 

time target matenal m the bulk is still intact, exerting the upward push continuously. This 
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situation, is very clear in Fig. 2 which is taken from one of the simulations to be described later on 
Material elements which failed are white while intact elements are dark. It is clearly seen that the 
projectile is constantly experiencing an upward push by the intact material below its nose as the 
arrows show. In this simulation we used Y = 0.4 GPa and P^ = -0.02 GPa for the Pl'exiglas 

In order to strengthen this interpretation we performed a similar simulation with a much higher 
value for P m ,„ ( = -0.1 GPa, appropriate for a more ductile materia)) and a lower compressive 
strength (r = 0.1 GPa) Fig. 3a shows that in this case the projectile perforates the target 
performing the familiar S shaped perforation channel due to the similar asymmetric forces at the 
impact and back faces. Clearly, the material, near the impact face does not fail so that the 
asymmetric nature of the forces is much smaller. Fig. 3b shows our experimental result with a 
20 mm PC plate which was perforated by the projectile in a similar way. 

Fig. 4 shows the penetration process in a simulation with Y = 0.4 GPa and />,„ = -0 005 GPa 
for the Plexiglas plate. One can clearly follow the deflection and yaw imparted to the 
projectile by this extremely brittle plate. This is the most extreme combination of Y and 
ft,* 6 us ? d ,n ™ r simulations, representing the most brittle case. In fact, one can assi<m a 
brittleness figure of merit through the ratio of Y to P^ (the higher this ratio the more brittle is 
tixo material}, 

a F l B ' o^° WS . a com P arison between this simulation result and an actual experimental X-rav 
flash at 200 us after impact. The orientation of the projectile is well reproduced in the simulation 

T Z?r£ p ?T on , ln tbe target - Tbus ' one can ^lude *at the values we chose for Y 
(=0.4 GPa) and P min (=-0.005 GPa) represent the overall effect of the Plexiglas on the AP 
projecule. Moreover, the massive failure of the Plexiglas plate around the impact point in the 
simulation, as shown ,n Fig. 5a, is very similar to the extent of damage in our recovered targets 
As stated above large sections of the target are totally shattered and removed. The rest of the 
plates were found to be highly cracked in a very brittle way. 

In order to demonstrate the relative importance of each one of these strength parameters we 

c^t P g " 6 rS '£? 0f H th ir jCCtiIe "I simuIatio " s with ™y- g comprefsJstr^S at " 
mjJ } ? 8 " ? and WUh Varymg Pmin at a «>nrtant compressive strength (Fig 6b) In 
another simulat.on we increased the compressive strength of the target to 1.0 GPa and obtained a 

X^^Zt^ metamc (see Fis - *>■ Here the ~ * ~ 

One can clearly see the strong sensitivity of the asymmetric action to these two material strength 
parameters In particular, w,th a low value of Y ( = 0.1 GPa) the projectile perforates tibe SrS 
exiting with an onentation nearly parallel to the target faces. This value of comSv ^treS 
is apparently, too low to prevent full perforation of the target. Still, the ^8 X^0 St 
along a different direction than what is usualiy experienced with ductile t^gets whiS deflect a 
rigid projectile towards the normal to the target faces (as in Fig. 3) 

The influences of tensile and compressive strengths can be further demonstrated through thr 
evolution of project Ie deflection and yaw angles during the process o€^t^ZTii^td b 
respectively). With increasing brittleness, the deflection and yaw of the TprojS as if exits ?rom 
the plate, are higher. The deflection is the angle between the original directi W proSSe^? 
its axis at a given time while the yaw is the angle between itslxis and S f oFS^t t Z 
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l?=100nsee %^:^' r ' ' t=150^ec 

Fig. 4. Time evolution of projectile penetration into a very brittle Plexiglas plate r Y = 0.4 GPa: P min =, —0.005 GPa) 



3.2. The influence of target density 

The next issue we investigated was the influence of plate density. This was done for strength 
values of If = 0.3 GPa and P taia = -0.005 GPa, changing the density of the plate from. 12 
(Plexiglas) to 2.7 (aluminum-like) and 4.5g/cm 3 (titanium-like). Fig. 8 shows the results of 
these simulations at 130 us after impact. Clearly with a higher density of the target less 
failure is observed in the parts above the projectile, resulting in less deflection. We should 
note that these are only sterile simulations, in the sense that no aluminum or titanium plates 
can be made so bottle. Still, we see that the density of Plexiglas is low enough to amplify the 
deflection of the projectile. A possible explanation for the influence of target density can be 
obtained by considering the velocity imparted by the impact shock wave to the target elements 
At a given unpact velocity a lower target density will result in a lower shock amplitude 
but a higher material velocity in the target. Thus, the failed elements above the entrance 
hole will be removed more quickly for the lower density targets, exerting less force on the 
projectile. On the other band, with higher target densities the amplitudes of the shock waves 
generated by the impact will be higher, so that more damage is expected m the target This 
is clearly seen in Fig. 8 where more cells have failed in the bulk of the denser targets Still ' these 
cells remara at their position for longer times, as compared with the failed cells in the less' dense 
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3.3. The influence of projectile velocity 

The simulations described above were performed with an impact velocity of 720 mis which 
represents the muzzle velocity of AK47AP projectile. Our understanding is that a nondimensional 
parameter which should be relevant in this case (as in many of the terminal ballistics phenomena) 
is p v V J Y t (p p = projectile density, V = impact velocity and Y t = target strength). In order to check 
this point we performed two extra simulations changing both V and Y in such manner that V 2 1 Y, 
remains equal to a reference simulation with V = 720 m/s and Y = 0.25 OPa Fig 9 shows the 
state of the projectile in these simulations at selected different times (since the impact velocities are 
very different). One can clearly see the overall resemblance in projectile position for these different 
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(a) 



Y=0JCiPa 



Y~0.2GPa 



Y=0.4GPa 




(b) 




(c) 

Fig. 6. (a) The influence of Y for constant P miJ , - ~0.01 GPa (at 200 us after impact), (b) The influence of P • at 
constant Y -0.2 GPa (at J 60 us after impact), (c) Increasing target strength to y = 1.0 GPa CP^^^l^^ 
in a regular ricochet (at 70 us after impact). U mro U 1 ° Pa) resuUs 

cases. Thus the nondimensionai parameter, p p V*/Y u is relevant also for the strong effect which 
we analyzed here. 1 



4. Additional verification 

The simulations described above enhance our phenomenological picture for the interaction 

t^S^^^"? the brittIe p,exiglas plate - In partcSar ^ ^ ^ d ^ at SiSSSS 

at the front face around the impact point, lose their strength relatively early in fhe oroSs 
exerting a negligible force on the projectile. At the same time, target material befow ' tie pSSSfc 
nose remains intact for a longer time and continues to deflect the projectile. In order to InkzZl 
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Fig. 7 (a) Time evolution of projectile deflection angle during the penetration of Plexiejas plate in simulation rM 
evolut,on of projectile yaw angle during the penetration of PlexigL plate in simulation^ sjmuIatJ015 CW Time 



this explanation we performed an experiment and a simulation, with a specially designed Plcxirias 
target m wruch the failure of the material around the impact area is reduced S was 2e 

The idea behind this arrangement is to have the same 20 mro target material for th<* nrn i^au ^ 
penetrate (as before), while the impact face above the pc^^oSS^^^S^, 
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Fig. 8. The influence of target density on projectile deflection (at 130 us after impact). 
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t«70jisec 



V«*455rn/s, Y-^.lGPa 



V=720m/s, Y=0.2Qpa V=l440nj/s, Y= I .OGpa 

Fig. 9. Simulation results for low and high impact velocities (P min = ^0-01 GPa). 




center. 



Fig. 10 . The composite 40mm. target with the square section removed in the 

This way we should prevent the early failure of the ■ _^ 

asymmetric f orces . This reduction. i^M^^Tc^l^Z^r^ 1°^' f Bdudng the 

phenomenological description is correct com P'ete penetration by the projectile, if our 
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Fig. 11. Simulation and experimental results: (a) simulation for 100 and 190 us; and (b) flash X- 



-ray at 200 us. 



Fig. 11 shows the results of both simulation and experiment. In both cases the oroiectile 

ESS* ,ower 2 ? mm oftbc . as expected - Moreover ' even £?o£ n ?:Z7if 

projectile axis is similar m simulation and experiment. Thus, our simple picture for 
stulatSn action Js strongly enhanced by this combination of experiment and 



5. Conclusions 



• ^ CpOXy plat6S bave beeo found to exe « a strong asymmetric force on 
ISS?* ™* interaction result in a strong deflertion^d yaw o ^ 

^ - h h w- n0t beeD f ldenCEd by ° ther inClined ^ets (either metals or i In a 
efrS I h J?" ?° nS T Sh ° Wed that the ^P 0 ^ ^rial Properties, wWch govern Sis 

S-nS^^^ 



REINHOLD COHN 



972 3 7109310 



11/28 '05 14:24 NO. 207 22/22 



Z. Rosenberg et aL I International Journal of Impact Engineering 31 (2005) 221-233 233 



References 



[1J Goldsmith W. Non-ideal projectile impact on targets. Tnt J Impact Eng 1999;22;95. 

[2] Tate A. A simple estimate of the minimum target obliquity required for the ricochet of a high speed long rod 

projectile. J Phys D 1979;12: 1825. 
[3] Rosenberg Z ? Yeshurun Y s Mayseless M. On the ricochet of Jong-rod projectiles. Proceedings of the 1 1th 

International Symposium on Ballistics, Brussels, Belgium, May 1939. p. 501. 
[4] Lee W, Lee HJ, Shin H- Ricochet of a tungsten, heavy alloy long-rod projectile from deformablc steel plates J Phys 

D 2002-35:2676- 

[5J Recht R, Ipson TW. The Dynamics of terminal ballistics. Denver Research Institute Report No. AD274128, 1 962, 
[6J Yeshurun Y, Rozenfeld M, Ashuach Y. Rafael Internal Report No. 98/40, 1998. 
[7] Yeshurun Y. European Patent Application No. EP0943886A2. 1999. 

[8] Barker LM, Hollenbach RE. Shock wave studies of PMMA, fused silica and sapphire. J Appl Phys 1970;41 :4208. 
[9] Molodcts AM, Dremin AN. Subcritical stage of cleavage fracture. Combust Explos Shock Waves 1980; 16:545. 
[10J Christman DR. Dynamic properties of PMMA. General Motors Technical Center. Rep. AD-743547, March 1972, 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 
^FADEDTEXT OR DRAWING 

GsTbLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



